Introduction {#S0001}
============

Cardiovascular diseases (CVD) are a leading reason to cause death worldwide, so it is very essential to identify their risk factors at the early stage of life. Arterial stiffness, the speed at which the pulse wave travels along a length of artery, as measured by noninvasive methods including brachial-ankle pulse wave velocity (baPWV), is widely considered as a well-established marker for atherosclerosis, and is also a strong marker for predicting the mortality and all-cause mortality of cardiovascular diseases.[@CIT0001]

A global study concluded that higher than optimum blood glucose is a leading cause of cardiovascular mortality in most world regions,[@CIT0002] but the effect of glycemic control on arterial stiffness in the general population is unclear. Previous studies reported the positive relationships between glycemic markers including fast plasma glucose (FPG), glycated hemoglobin (HbAlc) and glycated albumin (GA), and arterial stiffness in the patients suffered from diabetes and chronic kidney diseases.[@CIT0003],[@CIT0004] To date, most studies reported the relationships between single glycemic marker and arterial stiffness, but few studies compared the predictive abilities of these three glycemic markers for arterial stiffness.[@CIT0005],[@CIT0006]

Here, the associations of FPG, HbAlc and GA levels with baPWV in the Chinese population stratified by diabetes status were assessed, to identify which glycemic marker is more useful for early screening of atherosclerosis.

Materials and Methods {#S0002}
=====================

Participants {#S0002-S2001}
------------

A total of 3976 subjects visiting the Health Examination Centre of Jiangmen Central Hospital (Guangdong, China) for a health checkup from May 2014 to April 2018 were enrolled, and the related clinical data, such as age, sex, body weight, height, disease history were obtained. Diabetes was defined as fasting glucose concentration ≥7.0mmol/l or current use of hypoglycemic agents. In order to enlarge the sample size, those patients who received drug treatments for diabetes and hypertension were still enrolled in this study. However, the subjects suffered from infection, renal diseases (creatinine ≥150 μmol/L), hepatic dysfunction \[alanine aminotransferase (ALT) ≥3x ULN or aminotransferase (AST) ≥3x ULN\], myocarditis and malignant diseases (diagnosed by clinical history or examinations) were excluded in our study. Finally, 3640 subjects consisting of 2171 men and 1469 women were included. The study was approved by the ethics committee of Jiangmen Central Hospital. Written informed consent was obtained for each participant, and that this study was conducted in accordance with the Declaration of Helsinki.

Data Collection {#S0002-S2002}
---------------

After fasting for at least 10 hrs overnight, all the subjects were evaluated. In brief, BMI was calculated as the ratio of body weight to the square of height (kg/m^2^). HbAlc level was detected by immunoassay using high-performance liquid chromatography (Bio-Rad Laboratories, Munich, Germany). GA level was detected using a Hitachi 7600 autoanalyzer (Hitachi, Tokyo, Japan), and the result was presented as its percentage in total albumin. Serum total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglyceride (TG), FPG, AST, ALT, γ-Glutamyl transpeptidase (γ-GTP), creatinine, uric acid and hypersensitive C-reactive protein (hsCRP) were also detected by a Hitachi 7600 autoanalyzer. The modified renal disease formula was used to determine the estimated glomerular filtration rate (eGFR).

Determination of baPWV {#S0002-S2003}
----------------------

A non-invasive vascular screening device (VP-1000; Colin, Komaki, Japan) was applied for determining baPWV, estimating the arterial stiffness. All the subjects were in supine position; the electrocardiographic electrodes were placed on both wrists; pneumatic cuffs were placed on both arms and ankles; and a microphone was placed on the left edge of the sternum to determine heart sounds. Moreover, all patients' blood pressure and pulse volumes from bilateral arm and ankle were detected and recorded. As mentioned above, baPWV was bilaterally detected, but only a higher baPWV was used for statistical analysis. The cut-off value of high baPWV was more than 1400 cm/sec in this study.

Statistical Analysis {#S0002-S2004}
--------------------

All the statistical analyses were performed by SPSS (v. 16.0, Chicago, USA), and *P* \< 0.05 was regarded as statistical significance. Data at normal distribution were presented as mean ± SD, while data at skewed distribution were shown as median and interquartile range, and they were analyzed by *t* test and Mann--Whitney *U*-test, respectively. Spearman correlation analysis was used to evaluate the correlations between FPG, HbAlc, GA and other indexes. Then, the participants were divided into groups with or without diabetes. Multivariate logistic regression analysis was carried out to evaluate the relationship between variables and the prevalence of arterial stiffness, and the result was presented as odds ratio (OR) with 95% confidence interval (CI).

Results {#S0003}
=======

Clinical Characteristics of the Control and High baPWV Groups {#S0003-S2001}
-------------------------------------------------------------

As presented in [Table 1](#T0001){ref-type="table"}, the clinical characteristics of the control and high baPWV groups were compared, and the results indicated that the levels of age, BMI, blood pressure, TC, LDL-C, TG, ALT, AST, γ-GTP, hsCRP and uric acid, as well as the incidences of diabetes and hypertension, were higher, but eGFR was lower in the high baPWV group relative to the control group (*P \<* 0.05). No significant difference in HDL-C was observed between these above two groups. Moreover, the high baPWV group demonstrated obvious increases in three glycemic markers including FPG, HbAlc and GA, compared to the control group (*P \<* 0.05).Table 1Comparisons of Clinical Parameters Between Control and High baPWV GroupsVariablesControl (n = 2583)High baPWV (n = 1057)PAge (years)\
Body mass index (kg/m2)41.94 ± 9.34\
23.79 ± 3.5553.34 ± 10.59\
24.85 ± 3.27\<0.001\
\<0.001Male\
Systolic blood pressure (mm Hg)\
Diastolic blood pressure (mm Hg) Fasting plasma glucose (mmol/L) Glycated hemoglobin (%) Glycated albumin (%)1492 (57.76%)\
115.36 ± 11.20\
69.74 ± 9.53\
5.23 ± 1.08\
5.67 ± 0.67\
13.80 ± 2.55679 (64.24%)\
137.90 ± 16.83\
84.13 ± 11.51\
6.01 ± 2.32\
6.19 ± 1.31\
15.02 ± 4.80\<0.001\
\<0.001\
\<0.001\
\<0.001\
\<0.001\
\<0.001Hypersensitive C-reactive protein (mmol/l)3.0 (1.2--5.1)3.4 (1.1--5.98)= 0.004Total cholesterol (mmol/L)5.33 ± 1.055.69 ± 1.17\<0.001Low-density lipoprotein cholesterol (mmol/L)3.29 ± 0.913.50 ± 1.03\<0.001Triglycerides (mmol/L)1.28 (0.87--1.94)1.72 (1.17--2.59)\<0.001High-density lipoprotein cholesterol (mmol/L)1.34 ± 0.311.33 ± 0.30= 0.187Alanine aminotransferase (U/L)19 (13--30)23 (16--34)\<0.001Aspartate aminotransferase (U/L)21 (17--26)27 (23--32)\<0.001Gamma-glutamyltransferase (U/L)23 (16--37)29 (20--44)\<0.001Uric acid (mg/dl)357.1 (290.0--430.0)379.1 (312.4--450.0)\<0.001Estimated glomerular filtration rate93.00 (81.04--107.72)83.09 (69.67--98.63)\<0.001Diabetes115 (4.45%)204 (19.30%)\<0.001Hypertension57 (2.21%)211 (19.96%)\<0.001[^2]

Correlation Between FPG, HbAlc, GA and Other Risk Factors {#S0003-S2002}
---------------------------------------------------------

Spearman's rank correlation analysis demonstrated that HbAlc and FPG were positively and significantly associated with age, anthropometric measures such as baPWV, BMI, systolic BP, diastolic BP and biochemical indexes such as TC, LDL-C, TG, ALT, γ-GTP, hsCRP, uric acid. GA was also positively and significantly associated with baPWV and age, but negatively and significantly associated with BMI, TC, LDL-C, TG, ALT, AST, γ-GTP, hsCRP, uric acid and eGFR. In addition, HbAlc and FPG were negatively and significantly related to HDL-C, while GA was positively associated with HDL-C ([Table 2](#T0002){ref-type="table"}).Table 2Spearman's Rank Correlations Between Three Glycemic Markers and Clinical ParametersVariablesFPGPHbAlcPGAPAge0.278\<0.0010.406\<0.0010.305\<0.001Body mass index0.256\<0.0010.307\<0.001−0.271\<0.001Systolic blood pressure0.314\<0.0010.323\<0.0010.026= 0.111Diastolic blood pressure0.298\<0.0010.318\<0.0010.004= 0.805Hypersensitive C-reactive protein0.084\<0.0010.176\<0.001−0.039= 0.019Total cholesterol0.168\<0.0010.241\<0.001−0.047= 0.004Low-density lipoprotein cholesterol0.126\<0.0010.253\<0.001−0.072\<0.001Triglycerides0.221\<0.0010.273\<0.001−0.193\<0.001High-density lipoprotein cholesterol−0.106\<0.001−0.116\<0.0010.162\<0.001Alanine aminotransferase0.153\<0.0010.148\<0.001−0.212\<0.001Aspartate aminotransferase0.046=0.0050.021= 0.205−0.071\<0.001Gamma-glutamyltransferase0.212\<0.0010.220\<0.001−0.221\<0.001Uric acid0.106\<0.0010.125\<0.001−0.237\<0.001Estimated glomerular filtration rate0.011= 0.5340.036= 0.035−0.334\<0.001Brachial-ankle pulse wave velocity0.313\<0.0010.355\<0.0010.115\<0.001[^3]

Multiple-Factor Analysis of Relationships Among HbA1c, GA, FPG and Arterial Stiffness {#S0003-S2003}
-------------------------------------------------------------------------------------

When the participants were divided based on diabetes status, multivariate logistic regression analyses of the relationships among HbA1c, GA, FPG and arterial stiffness were reassessed in each group, and the results are presented in [Table 3](#T0003){ref-type="table"}. After adjustment for conventional risk factors, such as age, BMI, sex, BP, TC, TG, HDL-C, LDL-C, ALT, AST, γ-GTP, hsCRP, uric acid, eGFR, the incidences of hypertension, arterial stiffness was significantly and independently predicted by HbAlc and FPG in both diabetic and non-diabetic subjects (*P* \< 0.05 for all). However, there was no significant association between GA and arterial stiffness in both diabetic and non-diabetic subjects.Table 3Multivariate Logistic Regression Analyses for Three Glycemic Markers with High baPWV in Non-Diabetic Subjects and Diabetic SubjectsVariablesNon-Diabetic Subjects (n = 3321)Diabetic Subjects (n = 319)OR (95% CI)POR (95% CI)PFPG1.45 (1.14--1.84)0.0031.15 (1.03--1.28)0.014HbAlc1.54 (1.09--2.20)0.0161.31 (1.06--1.62)0.014GA0.96 (0.87--1.06)0.4141.03 (0.98--1.08)0.225[^4]

Discussion {#S0004}
==========

In this study, we compared the predictive abilities of HbAlc, GA and FPG for the arterial stiffness measured by baPWV in general adults. The main findings were that, even after controlling for other confounding factors, HbAlc was closely related to arterial stiffness with the highest correlation in subjects with or without diabetes, followed by FPG. Interestingly, there was no independent correlation between GA and baPWV. These results imply that HbAlc and FPG are superior to GA for predicting arterial stiffness, and HbAlc may be an early diagnosis marker for atherosclerosis.

Arterial stiffness was proved to have a key and independent predictive ability for cardiovascular mortality, coronary events and atherosclerotic diseases.[@CIT0007],[@CIT0008] Therefore, it is essential to earlier determine the arterial stiffness in primary and secondary preventions of major CVD. Several studies have shown that baPWV was used broadly in China and Japan, and was generally accepted as the most simple, noninvasive and reproducible parameter for arterial stiffness, and was closely related to aortic PWV measured by invasive catheter manometer.[@CIT0002],[@CIT0009] So, patients with anomalous baPWV were most likely to present early-stage atherosclerosis. In our study, high baPWV was defined as greater than 1400 cm/sec since the cut-off point was an independent variable for the risk stratification of patients with atherosclerotic cardiovascular diseases based on Framingham score.[@CIT0010]

Our results were consistent with previous studies demonstrating that elevated HbAlc level was markedly associated with enhanced arterial stiffness determined by baPWV, and was independent from other cardiovascular risk factors. Some studies on Asian population demonstrated that high level of HbAlc was significantly and independently associated with enhanced baPWV in Chinese and Japanese,[@CIT0011],[@CIT0012] and similar findings were also found in Western population.[@CIT0013] Our study further confirmed that HbAlc was superior to FPG and GA for predicting arterial stiffness in general Chinese population, regardless of whether or not in those with a normal glucose status. HbAlc, regarded as a precursor of increased advanced glycation end products (AGEs), may be related to the amount of AGEs.[@CIT0014] Evidences indicated that the increased AGEs were associated with the diabetes-related complications and vascular diseases.[@CIT0015] The mechanisms affecting arterial stiffness included activating pro-inflammatory cell signaling and up-regulating NADPH oxidase and adhesion molecules, as well as promoting the proliferation of vascular smooth muscle cells.[@CIT0003],[@CIT0016],[@CIT0017] Furthermore, AGEs could form cross-links in collagen fibers and decrease the distensibility of arterial walls, directly damaging the artery.[@CIT0018] The above-mentioned mechanisms revealed that AGEs might have important effects on the early progression of atherosclerosis. Moreover, Saha and Schwarz reported that HbA1c may be a clinically useful and simple index for predicting the concomitant presence of insulin resistance among apparently healthy individuals.[@CIT0019] Insulin resistance also has been proven to increase arterial stiffness.[@CIT0020] So, high level of HbAlc may be helpful for increasing baPWV via insulin resistance.

GA, an early Amadori-type glycation protein of the nonenzymatic glycation reaction between glucose and albumin, reflects 2--3 weeks shorter-term glycemic control compared with HbAlc.[@CIT0021] Therefore, GA was considered more useful than HbAlc for evaluating shorter-term changes of glucose. However, there were some disputes about the relationship between GA level and CVD. Kumeda et al proposed that GA was an independent factor to predict arterial stiffness in patients suffered with type 2 diabetes.[@CIT0022] In a study by Zeng et al,[@CIT0006] both GA and HbA1c were associated with arterial stiffness, but the study did not adjust for γ-GTP and uric acid, which had been reported as independent predictors of arterial stiffness.[@CIT0023],[@CIT0024] On the contrary, the recently published Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and Complications study failed to demonstrate a significant association of GA and CVD events in subjects with type 1 diabetes mellitus (T1DM).[@CIT0025] In the present study, GA was not proved to be an independent predictive index for arterial stiffness after adjusting potential confounders in subjects with or without diabetes. These reports imply that there is only a weak relationship between GA level and atherosclerosis. One of the possible reasons to cause this phenomenon is that serum GA was negatively correlated with BMI, hsCRP, atherogenic dyslipidemia indexes including TC, LDL-C and TG, but was positively and significantly associated with HDL-C. Furthermore, chronic micro-inflammation could also lead to accelerated albumin catabolism, and thereby causing the decrease in GA level.[@CIT0026] All these reasons together accounted for the weak correlation of GA level with arterial stiffness in this study.

Earlier studies have indicated that high level of FPG was a risk indicator for CVD in type 2 diabetes patients.[@CIT0027],[@CIT0028] Whereas, few related literatures that explored the roles that FPG played in early-stage atherosclerosis in the subjects without diabetes were reported. According to our study, FPG was independently and positively related to baPWV after adjusting confounding factors in the subjects with or without diabetes. Thus, this finding implies that high level of glucose within normal range can be also helpful for increasing the incidence of arterial stiffness.

Of course, there were several limitations in this study. Firstly, our study only included cross-sectional data and correlation analysis, but no causal correlation of glycemic markers with the risk factors for arterial stiffness was demonstrated. Secondly, although there was a large-size sample, we did not obtain complete data on CVD risk factors, such as alcohol consumption and smoking status. In the end, the relationships between glycemic markers and arterial stiffness measured by other atherosclerosis markers, such as carotid‐femoral PWV or carotid intima-media thickness, were not assessed.

Collectively, our data demonstrated that HbAlc and FPG had a better predictive ability for arterial stiffness than GA, and HbAlc had the highest association with arterial stiffness, regardless of diabetes status in general Chinese adults, revealing that HbAlc may be used as an early diagnosis marker for atherosclerosis. However, more prospective studies are still needed to further verify this conclusion.
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